Abstract-Resonance characteristics of gapped power bus structures with a slit or a gap were studied, using a fast algorithm based on a full cavity-mode resonator model and the segmentation method. Inductance and capacitance models were used to account for a field coupling along the slit and across the gap, respectively. The effectiveness of the segmentation method and the inductance model for the slit has been demonstrated by good agreement between the calculated and measured results, while the capacitance model for the gap is shown to be useful when the coupling between the segments is relatively weak.
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I. INTRODUCTION

R
ESONANCES of the power/ground planes (power bus) in multilayer printed circuit boards (PCBs) not only cause radiated emissions as EM interference, but also give rise to simultaneous switching noise as a signal integrity problem in highspeed digital circuits. To mitigate the power bus noise, gapped power plane is often used in high-speed digital circuit designs with the intent of isolating relatively noisy regions of a power bus from quiet areas. If a dc connection between two separate regions is necessary, then a conduction bridge is commonly used. This connection and other geometrical dimensions, such as the gap width, location, and shape, impact the isolation that can be achieved.
Power bus resonance characteristics have been investigated with various models, such as a full cavity-mode resonator model [1] , [2] , a distributed lumped-element equivalent circuit model [3] - [5] , a partial element equivalent circuit (PEEC) approach [6] , [7] and its extension [8] , [9] , and numerical models based on a finite-difference time-domain method [10] , [11] . Based on the full cavity-mode resonator model, a fast algorithm can be applied for efficiently and accurately calculating power bus impedance characteristics. The fast algorithm is attributed to a closed-form expression for the impedance -matrix of the power/ground planes, which is in the form of a single infinite series [12] - [15] . This is assuming that the shape of the power/ground planes is rectangular. In actual PCBs, the shape of the power/ground planes is usually complicated. In many cases, however, the shape consists of several segments, which have simpler shapes, such as rectangles and triangles. In addition, a slight difference in the circumference of the shape does not significantly affect the resonance characteristics, so that the shape may be approximated with only rectangles and/or triangles. In a previously reported work [16] , the fast algorithm was extented for a shape consisting of several segments of rectangles, using the segmentation method [17] - [19] that was proposed many years ago for analyzing two-dimensional (2-D) microwave planar circuits.
High-frequency performance of gapped power-plane structures into the gigahertz range has been studied recently using a full-wave, PEEC type approach [20] and using a hybrid finite-element method/method of moment (FEM/MOM) approach [21] . These mothods, however, usually require long computation time. In this paper, it will be shown that such gapped power-plane structures can also be efficiently analyzed by using the fast algorithm derived from the full cavity-mode resonator model, combined with the segmentation method, and newly introduced coupling models for a slit or a gap. The coupling models with simple formulation are intended to represent the field coupling, between the adjacent edges of the two segments. Such coupling has not been taken into account in the resonator model due to the fact that the perfect magnetic sidewalls are used as the boundary conditions for the segments.
II. FAST ALGORITHM FOR CALCULATING IMPEDANCE MATRIX ELEMENTS
The cavity-mode model is an analytical description of the impedance matrix ( -parameters) of a power bus structure (a bare board). The impedance matrix elements can be expressed in terms of the eigenfunctions and eigenvalues of the Helmholtz problem, by selecting a Green's function of the 2-D Helmholtz equation with the boundary condition of the second kind (the perfect magnetic conductor sidewalls), since most PCBs are electrically thin. The full-mode representation of the -parameters of the power/ground plane structure is an infinite summation of modes, and is originally in a form of a double infinite series. In the cavity-mode model, the power bus is considered a multiport circuit network interconnected by the -matrix elements. For a -port circuit network, the number of -matrix elements that need to be calculated is due to the symmetry 0018-9375/$20.00 © 2005 IEEE of the matrix, thus, the computation of the double summation is obviously time consuming, and is not practical if is large. It is desirable to reduce the double series to a much more rapidly converging series through analytical techniques. Based on the cavity-mode model, we have developed in previous works [12] , [15] a fast algorithm for efficiently and accurately calculating the impedance of a rectangular power bus structure. The fast algorithm is attributed to a single series reducing from the original double series under an approximation. When the single series is used for calculating the self-input impedance at a port, however, it is still poor converging and thousands of terms must be computed to obtain good accuracy, especially for a small port dimension. In the fast algorithm, the convergence of the single series was in further accelerated analytically. As a result, the computation efficiency of the power bus impedance has been greatly improved by the fast algorithm, since using just a few terms has been sufficient to achieve good accuracy. In addtion, we proposed two techniques to compensate for the errors between the self-input impedances calculated using the double summation and that using the single summation; this error is due to the approximation involved in the process of reducing the double series to the single series.
The fast algorithm for the rectanglar power bus structure can be easily applied to those geometries that result from the connection of rectangles by using the segmentation method [17] - [19] . In the method, the interconnection between the segments is discretized into a finite number of virtual ports, in which continuous voltage and current distributions along the interconnection are approximated by stepped functions. The number of "virtual" ports used for the interconnection therefore influences significantly the accuracy of the segmentation method. Usually the number of "virtual" ports to be used increases as the frequency of interest goes higher. As an empirical rule, roughly 15 ports are required for a interconnecting section of one wavelength (in the dielectric) at the frequency of interest. A standard or principle procedure can be found in [19] , while a more practical procedure is given in Section III.
III. MODELS FOR A SLIT AND A GAP
To prevent noise propagating from its source to susceptible devices, partitioning the power plane into several portions is often used in practice as a technique to mitigate noise in digital circuit design. The high-frequency performance of such partitioned structures into the gigahertz frequency range requires, in principle, a full-wave approach. In this section, it will be shown that the resonance characteristics of a gapped power bus can also be analyzed by using a cavity-mode model combined with a segmentation method. However, directly applying the segmentation method for the problem fails to give correct results in certain cases, due to the fact that the field coupling between the adjacent edges of the segments along a narrow slit or a gap has not been taken into account in the full cavity-mode resonator model. In addition, the coupling mechanism for a slit that merely partly splits the power plane (the two portions retain a conducting bridge connection) as shown in Fig. 1(a) , and for a gap that completely splits the power plane into two portions as shown in Fig. 8(a) , are quite different, thus, these two cases are discussed separately.
A. Gapped Power-Plane With a Slit
A gapped power-plane with a slit shown in Fig. 1(a) is considered first. When the slit is wide, the complete geometry is treated as a combination of three rectangular segments. For a narrow slit, the electrical width of is neglected. The segmentation method is applied to ensure current and voltage continuity along the path of . This results in the analytical model shown in Fig. 1(b) where the two segments are interconnected by the virtual ports at the part with a conducting bridge and are opened at the part with a slit. The virtual ports are uniformly distributed over the conducting bridge with a port width w and are assigned numbers ranging from 2 to . The ports B on the left segment and A on the right are assigned numbers 1 and . The currents and voltages of the ports on the left segment are denoted as to , and to , and on the right as to , and to . The relationship between the currents and voltages at the ports can then be defined by the impedance matrix as (1) where 
and both the elements in (4) and in (5) can be calculated with the fast algorithm given in [15] . The board dimensions are by for , and by for . Incorporating into (1), the boundary conditions of the interconnecting ports and to , as well as the terminate condition for the port , where is the terminated impedance of the port, and is 50 for the -parameter measurements, the result is (6) (7) (8) and
The parameter is the self input admittance at the port 1, and the transfer admittance between the port 1 and port . The -parameters can then be calculated as (10) (11) WiththemodelinFig.1(b),thecalculated atthetestportA and from the test port A to the test port B are compared with measurements in Fig. 2(a) and (b) , for a slit length 80 mm and the location 70 mm with widths (a) 5.0 mm and (b) 0.2 mm, respectively. The measurements were performed using an HP8753D network analyzer. Two test probes were constructed of semirigid coaxial cable with subminiature version A (SMA) connectors, and the equivalent half width of the two test ports was set to be 0.3 mm in the cavity-mode model. The dielectric thickness between the power and ground planes was 1.6 mm. The material was FR-4 with a dielectric constant of 4.3 and loss tangent of 0.02 over the whole frequency range. The number of virtual ports used was 15 for the conducting bridge (the total is ). As shown in Fig. 2 , good agreement between the calculated and measured results was obtained for a wide slit (Fig. 2(a) , 5 .0 mm h), while the quantity differences in resonant frequencies were observed for a narrow slit (Fig. 2(b) , 0.2 mm) at lower order resonances. This shift results from field coupling between the adjacent edges of the segments along the slit when the width is narrow, because such coupling has not been taken into account in the full cavity-mode resonator model due to the "open" sidewalls (the perfect magnetic walls) used as the boundary conditions for the segments. The deviations on the resonant frequencies above 1 GHz are believed mainly as coming from errors on estimating the dielectric constant. In fact, it was foundin [22] thattherealpartofthedielectricconstantoftheboards slightly decreaseswiththeincreaseofthefrequency,whichmeans that the measured resonant frequencies should be a little bit higher than those obtained in calculations where the dielectric constant has been assumed to be independent on the frequency.
When a slit is cut in the power-plane, the path of the conduction current for the modes whose currents flow toward a direction perpendicular to the slit is eliminated. The current must then flow along the slit, and its path lengthens. This effect gives rise to the magnetic coupling between the currents enforced to flow along the slit, and can be described in terms of an equivalent series inductance . In order for the inductance model to be valid over a wide frequency range, the inductance is then distributed to the virtual ports along the slit as part of a multiport network as shown in Fig.1(c) .Theadmittanceofthedistributedinductanceoneachport is assumed to be proportional to the distance of this port from the openendoftheslit.Thisassumptionisphysicallybasedon thefact that the current path along the slit from one side to the other side is getting shorter as the port is far away from the openend. Arranging the port numbers for the distributed inductance as to , as shown in Fig. 1(c) , the port inductance is inversely proportional to with , and is subjected to the relation (12) where is the total inductance of the slit. The expression for the port inductance is finally given as (13) Theremainingproblemisthentodeterminethetotalinductanceof the slit. As an approximation, the slit is herevisualized as a shorted coplanar slot-line [23] . For a section of shorted coplanar slot-line of length less than a quarter wavelength, the input impedance of the line will be a pure inductive reactance, and this section of the line can be equivalent to an inductance. The total inductance of the slit is then obtained by visualizing it as a shorted coplanar slot-line with half the length of the slit , and is given by H (14) with (15) The expression (14) is valid only for the length of the slit less than half the wavelength , and in practice the inductance model itself is applicable to higher frequencies where the condition is broken. Actually, as will be shown later, the model used for the slit is no longer significant at higher frequencies. Fig. 1(a) with analytical model of Fig. 1(c) . The slit width is s = 0.8 mm. The slit length is (a) l = 80 mm and (b) l = 40 mm. Incorporating into (1) the relationships satisfied by the currents and votages of the inductance ports: and , with (16) for to , solutions similar to (6)- (8) can be obtained, except for the total port number being replaced by , and the matrix of (9) 
The -parameters are calculated by (10) and (11) with instead of . The calculated magnitude and phase of and for ports A and B are compared with the measurements in Figs. 3-6 , for different values of the slit width 0.2 mm, 0.8 mm, and the length 40 mm, 80 mm. Using the inductance model for the slit gives good agreement between the calculated and measured results for all of these four cases. In practical calculations, the obtained results will vary as the number of virtual ports increases, but can achieve to the converged ones after that the number reaches over a certain value. Usually setting 15 ports on a section of one wavelength (in the dielectric) at the frequency of interest is sufficient to give the converged results. In the present examples, the number of total ports (including test ports A and B) for both 40 and 80 mm was 42, and the number of virtual inductance ports used for the slit was 15 for 40 mm or 25 for 80 mm (the number of virtual interconnecting ports for the conducting bridge was then 25 or 15). The computation time for obtaining the -parameters over 2000 frequency points was about 3 min in an Alpha Station XP900 computer with 466 MHz CPU. The computation time was found to be roughly proportional to so that an increase of 10 times on the number of ports corresponds to an increase of about 70 times on the computation time.
As already described, an inductance is used for the presence of a slit on the power plane. However, one could argue that there is capacitance across the narrow slit as well. Actually, when the power plane is completely split into two segments by a narrow gap, the coupling between the two segments by a gap capacitance on the order of several picofarads is very important for studying the isolation effect between these two segments provided by the gap, as shown in the next subsection. The gap capacitance may be obtained by considering the two segaments as parallel-coupled microstrip lines [23] . It is given as F (18) where is the gap width, and is defined in (15) . With the expression (18) for the gap capacitance and the analytical model of Fig. 1(d) where and in (16) is replaced as , the and are calculated for the case of having a conducting bridge between the two segments. Both the slit inductance and the gap capacitance were considered. The results were plotted in Fig. 7 and compared to the ones obtained when the slit is modeled as open [ Fig. 1(b) ] or is modeled by only the slit inductance [ Fig. 1(c) ]. The overlap found between two curves with only , or both and at low frequencies, below 1 GHz, indicates that the gap capacitance has little effect when the slit is shorted by a conducting bridge, while the slight differences among the three curves at high frequencies above 1 GHz indicate that whichever model is used for the slit is no longer important as the frequency increases.
B. Split Power-Plane With a Gap
Inthissubsection,asplitpower-planebyagapshowninFig.8(a) is considered. The effect of split power island structures on power bus isolation has been experimentally and theoretically investigated [20] , [21] , [24] , [25] .Withoutanydirectconnectionbetween the two power segments or islands, the primary coupling mechanism is capacitive coupling across the gap. The capacitance is given in (18) with the gap length instead of the slit length . Using the capacitance model in Fig. 8(b) , the calculated from the test port A to the test port B are compared with the measurements in Fig. 9(a)-(c) , for gap widths 0.2 mm, 1.0 mm, and 3.0 mm, respectively. The magnitude of is the ratio of transmitted signal at the port B to the incident signal at the port A and provides a good indication of the isolation between the two ports.Lowerlevelsof implybetterisolation.Thecapacitance modelisfoundto beusefulforpredictingtheisolationbetween the segmentsat the lowfrequencies below the first cavityresonant frequency, although there is little coupling (good isolation) due to the fact that the gap capacitance is much lower than the interplane capacitances of the segments. At these low frequencies, wider gaps provide better isolation dueto smallergapcapacitance. The calculated by the capacitance model also shows better agreement with the measured one for a wider gap (Fig. 9(c) , 3.0 mm), except at the frequencies where both the two segments resonate at the same frequencies due to the same dimension and the coupling is strong due to the degenerated resonance effect. At these resonant frequencies, in addition to the bad isolation, increasing the gap width does not significantly improve the isolation.
The capacitance model seems to be valid when the coupling between the segments is relatively weak. As the coupling is strong, rather than using the capacitance model, a multiport mutual coupling network [26] representing the coupling between the two adjacent segments may be used to achieve better accuracy. However, a great deal of computational effort has to be made due to the increase in the number of ports and the need of calculating the mutual coupling coefficients.
IV. CONCLUSION
A fast algorithm based on a full-wave cavity-mode resonator model was applied for analyzing power bus isolation effects of gapped power-plane structures, combined with the segmentation method. To obtain accurate results, parasitic coupling models must be introduced when the width of the gap is narrow. For a gapped power-plane with a slit, an inductance model was introduced for representing the effect of the slit. The value of the inductance is obtained by treating the slit as a shorted coplanar slot-line. For a split power-plane with a gap, a capacitance model is used for taking into account the field coupling across the gap. The value of the capacitance is determined by considering two segments of the split power-plane as parallel-coupled microstrip lines. The effectiveness of the segmentation method and the inductance model for the slit has been demonstrated by good agreement between the calculated and measured results, while the capacitance model for the gap is shown to be useful when the coupling between the segments is relatively weak.
